Antibodies to surface antigens of intracellular naked vaccinia virus (INV) and in limited studies extracellular enveloped virus (EEV) were determined by single radial immunodiffusion tests (SRDT) with immobilized virions in agarose gels. Antibodies to INV were demonstrable in rabbit hyperimmune sera (one to four visible zones), smallpox convalescent sera and sera from re-vaccinated individuals. A difference in specificity of antibodies reacting with INV and EEV was detectable by SRDT. The SRDT provides a simple, reproducible and specific test for detection of antibodies against vaccinia or variola virus, but the technique requires large quantities of virions.
INTRODUCTION
A number of techniques are available to detect antibodies against poxviruses Downie & Kempe, 1969) . Group-specific antibodies are measured by complement fixation and haemagglutination-inhibition tests. More qualitative information may be obtained by immune diffusion assays. Plaque neutralization tests are available to measure antibodies reacting with surface antigens.
Recently, an antigenic difference between intracellular and extracellular rabbit pox virus has been observed (Appleyard, Hapel & Boulter, I971; Turner & Squires, 197I ) . Extracellular particles carried an envelope not associated with naked intracellular virions. A similar morphological difference was demonstrated for vaccinia virus particles and evidence was obtained that the haemagglutinin is a component of the envelope of extracellular virus (Payne & Norrby, I976) . The two types of virus particles will be referred to in this communication as intracellular naked virus (INV) and extracellular enveloped virus (EEV). Killed vaccines induce neutralizing antibodies against INV but not against EEV. In contrast, live vaccines induce neutralizing antibodies against both types of particles (Turner & Squires, 197i; Boulter & Appleyard, I973) .
A single radial immunodiffusion test (SRDT) for detection of antibodies against the haemagglutinin and neuraminidase antigens of influenza virus particles has been described (Schild, Henry-Aymard & Pereira, 1972) . This test has also been applied for characterization of antibodies against different surface structural components of the adenovirus capsid (Grandien & Norrby, 1975) . In SRDT, purified intact virus particles immobilized in agarose gels react with antibody to form complexes visible as zones of opalescence. The test is simple and rapidly performed. Because of their large size vaccinia virions do not diffuse in 1% agarose gels and hence were considered suitable for studies of antibodies reacting with surface antigenic structures of INV and EEV by use of SRDT.
Since it is difficult to prepare large quantities of EEV, most experiments were performed with INV particles. Sera collected at different time intervals from experimentally infected rabbits were analysed for the sequential appearance of antibodies reacting with surface antigens of INV. Further, the occurrence of SRDT-reacting antibodies in convalescent sera from cases of smallpox was analysed. Preliminary attempts were also made to determine the possibilities of applying this test for screening of antibodies against INV in re-vaccinated individuals.
METHODS
Virus materials. Vaccinia virus strains IHD-J (haemagglutinating) and IHD-W (nonhaemagglutinating) were provided by Dr S. Dales (The Public Health Research Institute, New York, N.Y.). The Lister strain of vaccinia virus was obtained from the Smallpox Vaccine Section of the National Bacteriological Laboratory, Stockholm.
The virus strains were grown in KB cells maintained on Eagle's minimum essential medium (MEM) containing 5 % inactivated calf serum. When roller bottles were used, they were coated with 5 % foetal calf serum (Flow Laboratories, Irvine, Scotland) before addition of cells. Roller cultures, which require less growth medium than stationary cultures yielded comparatively greater quantities of EEV. Cell monolayers were infected at an input multiplicity ofo'3 p.f.u, oflNV/cell. When the cultures showed advanced c.p.e., ceils were scraped off and pelleted by centrifuging at 8oo rev/min. Release of intracellular virus was obtained by adding 2 to 3 ml of distilled water to infected cells from one Roux bottle. After incubation for IO min at room temperature, the cells were disrupted with a Dounce homogenizer (5 te IO strokes/cell pack). Virus particles in the extract were separated from cell debris by centrifuging at I5OO rev/min. Further purification was obtained by centrifugation of the supernatant in discontinuous CsC1 gradients (Payne & Norrby, 1976) . EEV particles released into the medium of infected cultures were concentrated by centrifuging at IOOOO rev/min for 45 rain in a GSA rotor, Sorvall superspeed ultracentrifuge. Purification of EEV particles took place in discontinuous CsC1 gradients (Payne & Norrby, I976 ) . INV and EEV particles banded in caesium chloride at densities of 1-27 to 1-28 and I "23 to 1-24 g/ml, respectively. After removal of caesium chloride by dialysis against phosphate-buffered saline at 4 °C overnight, purified virus particles were in some cases frozen in xo % sorbitol at -2o °C. However, most of the tests were performed with freshly prepared material.
Virus materials were also prepared in embryonated eggs by use of the method described by Downie & Kempe (I969) . Harvested chorioallantoic membranes were homogenized in Genetron (Du Pont, The Netherlands) at 4 °C and centrifuged at 2ooo rev/min for IO min to remove the cell debris. INV particles in the supernatant were concentrated and purified by the procedure described above.
Rabbit sera against live and inactivated virus. Rabbit antiserum to live Lister strain vaccinia was provided by Professor A. Espmark, National Bacteriological Laboratory, Stockholm. Antiserum to live virus of strain IHD-J was prepared by injecting 2 x io 8 p.f.u./ml intramuscularly. After 35 days, a booster dose of the same amount of virus was given intravenously. The animals were exsanguinated after IO days.
In a separate immunization experiment, consecutive bleedings, initially at 2 days and later at 4 to 5 day intervals, were made of rabbits infected intravenously with I x io 5 p.f.u, of crude vaccinia IHD-J, I × io 6 p.f.u. IHD-W or I × lO 7 p.f.u, of the Lister strain. Rectal temperatures were noted at two day intervals to follow the development of infection.
Antiserum to inactivated virus was obtained by immunization with u.v. irradiated virus. The procedure described by Boulter et al. (I97 I) was used. Ten ml virus suspension in a 9 cm Petri dish was irradiated by a 15 W Philips u.v. lamp at a distance of 34 cm. The dish was gently rocked during the 5 min exposure. All detectable infectivity of 1NV-J (original titre 2 × IO 8 p.f.u./ml) and EEV-J (original titre 2 × lO s p.f.u./ml) was eliminated by this treatment. The inactivated virus mixed with Freund's complete adjuvant was injected intramuscularly. After 40 days, the same amount of inactivated virus was injected intravenously. Blood was collected after a Io-day interval. To avoid cross infections, rabbits inoculated with inactivated virus were kept in a separate room from rabbits immunized with live virus.
Human sera. All samples wele obtained from the Department of Virology of the National Bacteriological Laboratory, Stockholm. Sera from smallpox cases occuring during the I963 epidemic in Stockholm were collected I3 to 30 days after the appearance of symptoms. Another set of sera had been drawn from re-vaccinated individuals after injection of live egg grown smallpox vaccine. Sera had been preserved at -70 °C.
Serological tests. Haemagglutination and haemagglutination-inhibition (HI) tests were performed using microtitre equipment as previously described (Payne & Norrby, 1976) . Infected cells mechanically disrupted as described above were used as antigen. Complement fixation (CF) tests were carried out by use of microtitre equipment. Infected cell pellets were mechanically disrupted in a Dounce homogenizer, centrifuged at 1500 rev/min for I o min and the supernatant fluid used as CF antigen. Plaque assays and plaque neutralization tests were performed as described by Payne & Norrby (~ 976) . In most assays, A 549 cells (a heteroploid human lung cancer cell provided by Professor/k. Espmark, Department of Virology, the National Bacteriological Laboratory, Stockholm) were used, since a relatively rapid development of large plaques occurred in these cells.
Protein measurement. The technique described by Joklik 0962) was used. Optical densities of purified virus suspensions were recorded with a Beckman DBGD spectrophotometer (Beckman Instruments, California, U.S.A.).
Single radial immanodiffusion test (SRDT). The method described by Schild et al. (I972) and adopted by Grandien & Norrby (I975) was used. One mI of purified virus particles adjusted to a pre-selected protein concentration was mixed with an equal vol. of ~ ~ Agarose (L'Industrie Biologique Frangaise 35-Quai du Mailen de Cage, 92-Gennesville, France) at a temperature of 41 °C. The mixture was poured between 5 x 5 cm carefully cleaned glass slides separated by a plastic frame giving a gel thickness of I ram. Four mm diam. wells were punched at a distance of 6 mm and IO #1 of antiserum was added to each well using glass biotips (Schwarz/Mann, Division of Becton, Dickinson and Company, Orangeburg, New York). The development of zones was analysed after incubation of plates in a moist chamber. Unless otherwise stated, virus particles of the IHD-J strain were used in SRDT.
RESULTS

Variable.~ in the SRD test with INV
In tests with rabbit hyperimmune sera and human convalescent sera from smallpox cases, faint visible zones appeared with a final protein concentration of lOO #g/ml of purified INV but more distinct zones were observed using 50o #g of protein/ml (Fig. I) . A further increase of virus concentration did not result in any improvement in the quality of the zones. Hence, 500 #g of protein/ml was selected for most studies. Some h u m a n convalescent sera and, in particular, rabbit h y p e r i m m u n e sera gave multiple (2 to 4) zones of opalescence (cf. Fig. 4) . Different strains of I N V (IHD-J, I H D -W and Lister) at corresponding protein concentrations prepared either in tissue culture or in embryonated eggs gave zones of similar sizes with the same set of sera.
Detectable zones were formed by antibody-containing sera after I to z h (Fig. z) . With h u m a n convalescent sera, zone diameters increased up to 8 h but only slightly thereafter. minor increases could be detected on prolonged incubation. In subsequent experiments final readings were taken after incubation for z4 h. The reactivity of a rabbit hyperimmune serum against inactivated INV-J and a convalescent human serum from a case of smallpox were studied using serial twofold dilutions (Fig. 3) . A linear relationship between the zone surface area and antibody concentration was found, as expected (Mancini, Carbonara & Heremans, 1965) . The slope of lines indicated a higher titre of antibodies in the rabbit serum than in the human serum.
Gel plates prepared and stored for 3 weeks at 4 °C were tested with a pre-selected set of sera on different days. There was no difference in zone formation during the time of storage. Differences in zone diameters amounted to less than I mm with different gel plates prepared on the same day or on different days using the same set of sera.
Detection of antibodies aga&st INV in infected rabbits, human smallpox cases and re-vaccinated individuals
In parallel with the appearance of antibody activities measured by other serological tests in infected rabbits, serum samples gave zone formations demonstrable by SRDT (Fig. 4 , Table I ).
On day 8, when the animals still displayed symptoms, antibody titres were detectable by HI and plaque neutralization tests. HI antibody titres increased until day 2o and then stabilized. Neutralizing antibody titres to EEV increased somewhat more rapidly than those of antibodies neutralizing INV. Peak titres were reached on days 14 and 22, respectively. A similar finding was previously made in studies of mice infected with vaccinia virus (Hutt, I975) . The SRDT became weakly positive on day IO. Early serum samples gave rather diffuse zones without clearcut margins, whereas with later samples sharper margins and denser zones were seen. Development of zones showed a distinct biphasic appearance in the IO  8  8o  16o  6  12  64  i6o  320  6  14  128  64o  64o  6  16  256  128o  320  6  2o  512  64o  32o  lO  22  I28  2560  320  8  27  128  256O  320  9  30  256  2560  320  IO  32  256  2560  32o  1o * Rectal temperatures were measured at two day intervals to follow the progress of the infection. The rabbit had a temperature of more than 4o °C and showed conjunctival secretions between days 6 and to.
two rabbits studied. Maximal zone diam. was reached on day 2o and after a transitory reduction a new peak of activity occurred on day 3o (Fig. 4 , Table I ). A tendency for a similar biphasic appearance was seen in H I antibody tests. Infection of rabbits with I H D -W or Lister strain of virus gave a similar pattern of appearance of antibodies. H u m a n convalescent sera collected ~ 3 to 3o days after appearance of clinical symptoms contained antibodies demonstrable by different conventional serological tests and also gave a clearcut reaction in S R D T (Fig. I, Table z) . N o zone appeared with vaccinia h y p e r i m m u n e globulin (obtained from the National Bacteriological Laboratory, Stockholm) possibly due to aggregation of IgG. Multiple, dense zones were seen with hyperimmune rabbit sera, whereas h u m a n convalescent sera~formed less dense, single or double zones. Five human sera collected between I7 and 4 ° days after re-vaccination with live egg-grown smallpox vaccine were analysed in SRDT using INV in the gel. All sera contained antibodies which reacted with the surface of INV (Table 3 ). The zones formed were small but readily distinguishable.
Detection of antibodies against EEV
Difficulties in obtaining sufficient quantities of EEV to be incorporated into gels restricted the-number of tests performed with this type of virion. When a concentrated suspension of EEV, adjusted to too/~g protein/ml, was used, readily discernible zones were obtained with rabbit hyperimmune sera (Fig. 5 b) . Four types of sera against both live and inactivated vaccinia virus were studied (Table 4) . Antiserum against the live Lister strain of vaccinia virus reacted with INV-J in the gel to form 3 to 4 concentric zones, whereas, unexpectedly, no zones were detectable with EEV-J. However, the same serum also lacked antibodies neutralizing EEV-J. Rabbit hyperimmune serum against live INV-J contained antibodies against both types of virus particles.
Zone formation with INV-J was stronger than with EEV-J. Serum against inactivated INV-J reacted strongly with INV-J in the gel whereas no zones were observed with EEV-J. At least four multiple zones were clearly seen reacting with INV-J using this serum (Fig. 5) . Serum against inactivated EEV-J was shown to contain antibodies against both types of virus particles measured by plaque neutralization tests. In SRDT, this serum contained antibodies reacting relatively more strongly with EEV-J than with INV-J in accordance with data from neutralization tests (Fig. 5, Table 4 ).
The human convalescent sera from smallpox cases, discussed above, contained antibodies against EEV which gave a visible reaction in SRDT. However, the zones were relatively diffuse in character. (Schild et al. I97z; Grandien & Norrby, I975) . In this type of test, different zones representing antibodies against different immunogenic components present on the surface of virus particles, can be identified.
In the present study SRDT was successfully applied to an analysis of vaccinia virionantibody interactions. The chief disadvantage of the technique was the need for large quantities of virus to be included in the gels. Sufficient quantities of INV were obtained but the availability of limited amounts of EEV allowed only a restricted number of analyses with this kind of virion.
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The results of comparative analysis of INV and EEV in SRDT confirmed the earlier findings (Turner & Squires, 1971 ; Boulter & Appleyard, 1973) that there is an immunological distinction between intracellular and extracellular vaccinia virus. Thus, antiserum prepared against live INV-J reacted with both JNV-J and EEV-J in the gel, whereas serum against inactivated INV-J reacted only with this type of virion. Antiserum against inactivated EEV-J contained antibodies against both 1NV-J and EEV-J, but reacted better with the latter type of virion. In contrast to previously presented results (Turner & Squires, x97t) , antibodies against both types of virus particles were demonstrable in neutralization tests. Antiserum against live Lister strain virus contained antibodies reacting with the surface of INV-J and INV-W but not with the surface antigens of EEV-J. This may be due to the occurrence of a poor antibody response to EEV in the immunized rabbit.
Human sera from cases of variola contained antibodies reacting with both INV and EEV. Vaccinia INV has been shown tO have multiple antigens present on its surface (Baxby, I972 ) . This is also obvious from the present finding of multiple zones with some hyperimmune rabbit sera reacting with 1NV in the gel. Similarly, EEV would be expected to have more than one antigen available at its surface. However, this was not discernible by by the technique used.
The re~son for a biphasic appearance of antibodies in infected rabbits indicated by results of HI tests and shown distinctly with SRDT is not known. A similar biphasic appearance of neutralizing antibodies against EEV and INV was found in sera from mice infected with vaccinia virus (Hutt, I975) . The marked reduction of circulating antibodies between day 2o and 22 after infection indicates a removal due to absorption by antigen released fi'om infected cells. A prolonged production of virus in infected rabbits contracting a non-fatal infection has been described (Westwood et al. ~966) .
The SRDT with both INV and EEV can be employed to detect antibody rises in cases of variola. Furthermore, the antibody response elicited in re-vaccinated human individuals against the surface antigens of INV was demonstrable by SRDT in the small number of samples studied. This would indicate that the test might be useful for screening the immune response after injection of smallpox vaccine. However, studies employing a large number of serum samples collected at different time intervals after vaccination must be performed before the applicability of the test can be evaluated.
The SRDT is simple to perform, highly reproducible, specific and does not require trained personnel to read the results; hence transportable plates could be used for field studies. The test is not influenced by the presence of non-specific inhibitors present in the sera and therefore sera need not be pre-treated. The disadvantage of the technique is that it requires large quantities of virus in order to obtain visible zones, The possibility of differentiating between vaccinia and variola by use of SRDT should be studied further.
